MACROPHAGE INFILTRATION INTO adipose tissue contributes to the chronic inflammatory response in obesity (39, 41) . Our study suggests that macrophages may play an important role in the regulation of angiogenesis in adipose tissue by secretion of angiogenic factors (26, 40) . In obesity, adipose tissue growth leads to a hypoxia response (45) that is responsible for chronic inflammation, adipocyte death, and reduced adipogenesis (46, 47) . A reduction in adipose tissue blood supply is a major mechanism of the hypoxia response (33, 35, 43) . Insufficient angiogenic activity is likely one of the risk factors for the reduced blood supply (20, 26, 32) . Hepatocyte growth factor (HGF) is expressed by adipose tissue, and the expression is increased in obese conditions (4, 44) . HGF elevation is associated with metabolic disorder and insulin resistance in humans and mice (1, 14, 36) . Although adipocytes secrete HGF (3, 29) , the cell source of HGF remains unclear in the adipose tissue.
HGF was originally identified as a mitogenic stimulator of hepatocytes but was later found as an angiogenic factor (25) . HGF is required for embryonic morphogenesis, tumor progression, and tissue regeneration with the angiogenic activity. Studies suggest that HGF has anti-inflammatory effects in various injury and disease models, including obesity (12, 30) . The mechanism is inhibition of nuclear factor (NF)-B by HGF (9, 11) . The angiogenic activity of HGF may contribute to the pathogenesis of certain forms of renal disease, cardiovascular disease, and cancers, etc. (25) .
Regulation of Hgf expression remains largely unknown in adipose tissue. At the molecular level, some transcription factors have been reported in the regulation of Hgf expression. Estrogen receptor, specificity protein 1, specificity protein 3, CCAAT/enhancer-binding protein, upstream stimulatory factor, peroxisome proliferator-activated receptor-␥ (PPAR␥), and hypoxia-inducible factor 1 (HIF-1) were reported to enhance Hgf expression. Nuclear factor 1 or activator protein 2 and the chicken ovalbumin upstream promoter transcription factor were found to inhibit the expression (6, 16, 21) . However, all of the studies were performed in fibroblasts like NIH/3T3 cells, mesenchymal stem cells, or glioma cells in cancer or vascular research (5, 17, 27) . It is not known if these transcription factors regulate Hgf in macrophages or adipocytes in relevance to adipose tissue. We addressed this issue with a focus on NF-B and PPAR␥.
In the current study, we determined Hgf expression in adipocytes and macrophages. Our data suggest that Hgf mRNA was suppressed by NF-B in response to inflammation. NF-B inhibited PPAR␥ activity in the transcriptional regulation of Hgf gene promoter. The study provides a molecular mechanism for the difference of inflammation and hypoxia in the regulation of angiogenesis.
MATERIALS AND METHODS
Obese mice. Male ob/ob mice (B6.V-Lep ob /Lep ob , stock no.: 000632) and C57BL/6 (B6) mice were purchased from the Jackson Laboratory at the age of 4 -5 wk and used at 8 wk in this study for genetic obesity. The ob/ob mice were fed on normal chow diet (11% kcal in fat), and the gender-matched wild-type (WT) littermates were used as the lean control. In diet-induced obesity (DIO), male B6 mice at 5 wk of age were fed a high-fat diet (HFD, D12331; Research Diets, New Brunswick, NJ) in which 58% of the calorie is from fat. In the lean control, mice (age-and gender-matched B6) were fed on normal chow diet. After 16 wk on HFD, the mice were used in experiments. All of the mice were housed in the animal facility at the Pennington Biomedical Research Center with a 12:12-h light-dark cycle and constant temperature (22-24°C). The mice had free access to food and water. All procedures were performed in accordance with National Institutes of Health guidelines for the care and use of animals and approved by the Institute Animal Care and Use Committee at the Pennington Biomedical Research Center.
Macrophage deletion. Macrophages were deleted in the adipose tissue by a single injection of clodronate-liposome. Clodronate-liposome was prepared and administrated at 150 mg/kg intraperitoneally in B6 mice as described elsewhere (37) . The deletion efficacy was confirmed in adipose tissue at day 4 after the injection.
aP2-p65 mice. B6 mice with NF-B p65 overexpression under the aP2 gene promoter were generated as described elsewhere (34) . In the mice, p65 is overexpressed in adipocytes and macrophages. Male transgenic mice and their WT littermates were used in this study.
Mouse embryonic fibroblasts and cell lines. The p65 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) were used previously (7) . HEK-293 epithelial cells, 3T3-L1 preadipocytes, and NIH/3T3 fibroblasts were purchased from the American Type Culture Collection (Manassas, VA). The MEFs and cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, 4 mM glutamine, and 50 mg/l gentamicin in an atmosphere of 5% CO 2 at 37°C. For adipogenesis, 3T3-L1 preadipocytes were grown to confluence in a 100-mm plate and then treated with the adipogenic cocktail (5 g/ml insulin, 0.5 mmol/l isobutyl methylxanthine, and 10 mol/l dexamethasone) for 4 days. This was followed by incubation in insulin-supplemented medium for an additional 3 days. The normal medium was used on day 7 to maintain the adipocytes.
Primary adipocytes. Primary adipocytes were prepared from epididymal fat pads of lean B6 mice. The cell isolation was conducted using a protocol described previously (45) . Briefly, the fat pads were collected immediately from the mice after cervical dislocation, minced, and digested with collagenase (1 mg/ml; Sigma C6885) at 37°C for 60 min. The cell suspension was centrifuged at 400 g for 2 min, and the cells in the top fraction of medium were collected as primary adipocytes. The precipitation fraction was collected as primary stromal-vascular cell. After being washed two times in DMEM, the cells were incubated in 35-mm dishes in DMEM with 10% FBS. The cells were used in gene expression assays 48 h later.
Peritoneal macrophages. Primary peritoneal macrophages were isolated from B6 mice using the starch protocol (45) . The macrophages were harvested 3 days later with 20 ml of cold PBS in lavage and then cultured in RPMI-1640 (supplemented with 10% FBS and 50 g/ml gentamicin). The cells were used in gene expression assays or treatment 48 h later. The cells were exposed to hypoxia in serum-free RPMI-1640 medium.
Hypoxia treatment. In vitro, ambient hypoxia was generated by filling in a sealed metal chamber (self-designed) with a low oxygen air, which contains 1% oxygen, 5% CO2, and 94% nitrogen. In the treatments, the cells were maintained in serum-free DMEM supplemented with 0.25% bovine serum albumin and 25 M HEPES as described elsewhere (45) . The hypoxia degree was monitored with an oxygen meter, and the chamber was maintained in a 37°C water bath. Mice were exposed to hypoxia as previously described (19) . Briefly, mice were simultaneously fasted and exposed to 6 h of stable hypoxia from 8:00 A.M. until 2:00 P.M. A gas regulatory system controlled the flow of nitrogen into customized Plexiglas cages, resulting in a stable oxygen concentration of 17%.
Real-time quantitative RT-PCR. Total RNA was extracted from homogenized fat pads or cells using the TRI reagent (T9424; Sigma) according to the manufacturer's instruction. Real-time quantitative RT-PCR was conducted using an ABI 7900HT fast real-time PCR system (Applied Biosystems, Foster City, CA). The following primer and probe were ordered from Applied Biosystems: Hgf (Mm01135177_m1), vascular endothelial growth factor (Vegf; Mm00437304_m1), tumor necrosis factor (Tnf)-␣ (Mm00443258_m1), p65 (Mm00501346_m1), Cd11b (Mm00434455_m1), and F4/80 (Mm00802530_m1). The mRNA signal was normalized over 18S rRNA signal. A mean value of triplicates was used for relative mRNA level or calculation of mRNA fold induction.
Western blot. The epididymal fat pads of WT and aP2-p65 mice were collected, homogenized, and sonicated in a lysis buffer, and Western blot was conducted as described elsewhere (8) . Lipids were removed from the lysate before the protein assay was conducted. Antibodies to NF-B p65 and actin were from Abcam (Cambridge, MA). Horseradish peroxidase-conjugated anti-rabbit IgG or antimouse IgG were purchased from GE Healthcare (HP7 9NA; Buckinghamshire, UK).
Serum TNF-␣. Serum TNF-␣ was measured using a multiplex kit (catalog no. MADPK71k-03; Linco Research, St. Charles, MO).
Transfection and luciferase assay. Transient transfection was conducted in triplicate in 12-well plates. HEK-293 or NIH/3T3 cells (1.5 ϫ 10 5 /well) were transfected with plasmid DNA utilizing Lipofectamine 2000. In the transfection, 0.2 g/well of reporter DNA were used. Hgf gene promoter activity was determined with a luciferase reporter plasmid containing a Hgf promoter fragment that was made from a Hgf-Cat reporter plasmid (a gift from Dr. Reza Zarnegar at the University of Pittsburgh) (2) . In all of the transient transfection experiments, the internal control was 0.1 g/well of SV40 Renilla luciferase reporter plasmid, and the total DNA concentration was corrected in each well with a control vector plasmid. The luciferase assay was conducted using the dual luciferase substrate system (Promega) with a 96-well luminometer. The Hgf luciferase activity was normalized with the internal control Renilla luciferase, and a mean value together with a SE of the triplicate samples were used to determine the reporter activity. Each experiment was repeated at least three times.
Chromatin immunoprecipitation. The chromatin immunoprecipitation (ChIP) assay was performed using a protocol as described elsewhere (7) . Cells were maintained in a 100-mm cell culture plate, treated with TNF-␣ (20 ng/ml) after overnight serum starvation. The chromatin DNA was extracted, broken into fragments of 400 -200 bp in length by sonication, and then immunoprecipitated with antibodies to polymerase II. IgG was used in immunoprecipitation as a control for nonspecific signal. DNA in the immunoprecipitation product was amplified in RT-PCR with the ChIP assay primers that cover the PPAR␥ response element site in the HGF gene promoter (18) : forward, 5=-AGCTCCAGCTTCCAAATTGC-3=; reverse, 5=-CA-CACTCCCCCTCCCAGAA-3=. iTaq Universal SYBR Green Supermix from Bio-Rad (Hercules, CA) was used to quantify the PCR product.
Statistical analysis. In Figs. 1-6, a mean value and SE of multiple data points were used to represent the final result. Student's t-test or one-way ANOVA was used in statistical analysis of the data with significance P Ͻ 0.05.
RESULTS
HGF mRNA in adipose tissue of obese mice. HGF mRNA was determined in white adipose tissue of mice after 4 mo on HFD. A threefold elevation was observed in epididymal fat pads of DIO mice relative to the lean control (Fig. 1) . A similar increase was observed in ob/ob, a genetic obese mouse model (Fig. 1) . As a control, TNF-␣ mRNA was increased by 5-and 10-fold in DIO and ob/ob mice, respectively (P Ͻ 0.001 and P Ͻ 0.0001). VEGF was increased in DIO mice, but not in ob/ob mice. These results suggest that HGF expression was increased significantly in the visceral fat tissue of obese mice and the increase was associated with chronic inflammation.
Hgf reduction by adipogenesis. To study Hgf expression in adipocytes, we examined Hgf mRNA in 3T3-L1 cells during adipocyte differentiation. 3T3-L1 preadipocytes were differen-tiated in standard adipogenic cocktail, and mRNA expression was examined at 3, 5, 8, and 10 days. Hgf mRNA was decreased gradually in a time-dependent manner with adipocyte differentiation. In mature adipocytes, Hgf mRNA was only 25% of that of preadipocytes (Fig. 1B) . In contrast, Vegf expression was induced dramatically by the differentiation. The data suggest that mature adipocytes may be the major source of VEGF, but not HGF, in the fat tissue.
HGF expression in macrophages. Residential macrophage is a major source of angiogenic factor platelet-derived growth factor (PDGF) in fat tissue (26) . It is not known if Hgf is expressed by macrophages. To address this issue, epididymal fat was used to generate the adipocyte and stromal-vascular fractions after collagenase digestion. The two portions were compared in Hgf expression. The adipocyte fraction has a very low Hgf expression ( Fig. 2A) . The stromal-vascular fraction exhibited 4.5-fold of Hgf mRNA over the adipocyte ( Fig. 2A) . In contrast, the two fractions did not show a difference in mRNA expression for Vegf or Tnf-␣. Macrophages are a component of the stromal-vascular fraction; therefore, we determined Hgf expression in macrophages. Peritoneal macrophages exhibited an expression at 30-fold higher than that of the adipocyte fraction ( Fig. 2A ). Macrophages expressed a lower level of Vegf, but higher Tnf-␣, relative to the adipocyte fraction.
To test the macrophage activity in vivo, Hgf was examined in adipose tissue after macrophage deletion in B6 mice. Clodronate-liposome was used to deplete macrophages. Four days after the injection, 90% of macrophages were removed from the adipose tissue as indicated by the macrophage markers, such as Cd11b and F4/80 (Fig. 2B) . In the tissue, mRNA of Hgf and Tnf-␣ was reduced by 49 and 60%, respectively (Fig.  2B) . As a control, Vegf was not altered significantly by macrophage deletion. These data suggest that macrophages are an important source of HGF in adipose tissue.
HGF inhibition by NF-B. We conducted a series of tests to understand signals that regulate Hgf in macrophages. In the first set of assay, Hgf was examined in macrophages after treatment with inflammatory signals such as TNF-␣ (20 ng/ml) or lipopolysaccharide (LPS, 1 g/ml) for 4 h. In response, Hgf mRNA was reduced by Ͼ50% in macrophages in either condition, suggesting that Hgf expression is inhibited by proinflammatory signals. NF-B was investigated in the inhibition, since it is activated by both TNF-␣ and LPS. Induction of NF-B activity by overexpression of p65 subunit reduced Hgf by 32% in a transient transfection in NIH/3T3 cells (Fig. 3B) . The effect of NF-B inhibition was tested in p65 null MEFs. Hgf expression was increased by 2.3-fold in the p65 null cells (Fig. 3C) . Vegf expression was not altered in the null cells. These results suggest that Hgf expression is inhibited by NF-B in response to TNF-␣ or LPS.
HGF reduction in adipose tissue of aP2-p65 transgenic mice. We examined NF-B effect on HGF expression in vivo using aP2-p65 transgenic mice in which NF-B subunit p65 is overexpressed in adipose tissue under the aP2 (Fabp4) gene promoter. The P65 protein was increased by about twofold in the epididymal fat of aP2-p65 mice (Fig. 4A) . In the plasma, TNF-␣ was increased for 35.8-fold (Fig. 4B) . As expected, p65 mRNA was increased five-to sixfold in fat tissue and macrophages of the mice (Fig. 4, C and D) . In fat tissue, Hgf mRNA was decreased by 57.6% (Fig. 4C) . In macrophages, Hgf was reduced by 53.4% (Fig. 4D) . These data suggest that NF-B inhibits Hgf expression in vivo.
HGF induction by hypoxia. The above results suggest that chronic inflammation is not responsible for the enhanced Hgf expression in adipose tissue in obesity. Adipose hypoxia is another stress signal in obesity, and it is not clear if the Hgf expression is induced by hypoxia. To address this issue, Hgf expression was determined in the peritoneal macrophages after hypoxia treatment for 8 or 24 h. The expression was not significantly increased at 8 h, but a 2.8-fold increase was observed at 24 h (Fig. 5A) . In macrophages of aP2-p65 mice, the hypoxia treatment overcame the inhibitory effect of NF-B (Fig. 5B) . The NF-B effect was further tested in p65 null Hepatocyte growth factor (HGF) has a low expression in mature adipocytes although the expression is increased in adipose tissue in obesity. A: mRNA of Hgf, vascular endothelial growth factor (Vegf), and tumor necrosis factor (Tnf)-␣ in the epididymal fat of diet-induced obesity (DIO) and ob/ob mice. The test was conducted in DIO mice at 16 wk on HFD and ob/ob mice at 8 wk of age. B: regulation of Hgf expression during adipogenesis. Confluent 3T3-L1 preadipocytes were treated with the adipogenic cocktail (5 g/ml insulin, 0.5 mmol/l isobutyl methylxanthine, and 10 mol/l dexamethasone) for 4 days followed by insulin-supplemented medium for an additional 3 days. The normal medium was used at day 7 to maintain the adipocytes. Hgf and Vegf mRNA levels were detected in the undifferentiated and differentiated cells. Data are expressed as means Ϯ SE (n ϭ 4). Compared with chow or lean mice in
MEFs. In normoxia, the p65 null MEFs expressed 4.9 times more Hgf over WT MEFs (Fig. 5C ). In response to hypoxia, the null MEFs maintained the response in Hgf expression similar to WT MEFs (Fig. 5C ). To test the hypoxia effect in vivo, B6 mice were exposed to mild hypoxia (17% O 2 ) for 6 h. The treatment induced a 46.5% increase in Hgf mRNA in epididymal fat of the mice (Fig. 5D ). These results suggest that hypoxia is able to stimulate Hgf expression, and the response is stronger in the absence of NF-B activity.
Mechanism of hgf inhibition by NF-B.
PPAR␥ was reported to induce Hgf expression through transcriptional regulation (18) . We know that NF-B inhibits PPAR␥ activity through activation of corepressor HDAC3 (7). It is not known if the interaction occurs in the Hgf gene promoter. We addressed this issue using a Hgf luciferase reporter in a transient transfection of HEK-293 cells. The Hgf promoter activity was induced by PPAR␥ and reduced by NF-B p65 in cotransfection (Fig. 6A) . The inhibitory activity of p65 was blocked by PPAR␥ in cotransfection. In ChIP assay, polymerase II activity in the Hgf promoter was inhibited by TNF-␣ in WT MEFs but enhanced in p65 Ϫ/Ϫ MEFs (Fig. 6B) . The activity was decreased by 95% at 30 min of TNF treatment in WT cells, but increased by 2.5-fold in the null cells. To test whether HDAC3 plays a role in the HGF regulation by NF-B, the promoter activity was examined after Hdac3 knockdown with vectorbased RNAi (HDAC3i). The knockdown blocked the inhibitory activity of p65 in the Hgf promoter and increased the reporter activity by about twofold (Fig. 6C) . These data suggest that NF-B inhibited PPAR␥ activity in the Hgf gene promoter, and HDAC3 is required for the inhibition. 
DISCUSSION
We provide evidence that macrophages may be an important source of HGF in the adipose tissue of obese mice. Plasma HGF level is positively associated with adiposity in obese subjects (1, 30, 36) . It is generally believed that adipose tissue is responsible for the plasma HGF elevation in obesity. However, it was not clear which cell type is responsible for the HGF expression in the adipose tissue. In this study, we observed that Hgf expression was increased significantly in the visceral fat of obese mice, and the stromal vascular fraction accounts for the major part of Hgf expression. In the stromal vascular section, macrophages are an important source of HGF, since the expression was decreased by one-half after macrophage deletion in the fat tissue (Fig. 2B) . The data support that macrophages may be a cell source of HGF in the adipose tissue.
This study supports that macrophages may contribute to angiogenesis in the adipose tissue in obesity by expressing HGF. In obesity, macrophage infiltration is increased in adipose tissue (39, 41) . Regarding function of the adipose tissue macrophages, many studies suggest that the macrophages promote the chronic inflammation in adipose tissue. Our studies suggest that the macrophages also stimulate angiogenesis by secretion of angiogenic factors. In one study, we reported that the macrophages secret PDGF to induce tube formation of mouse endothelial cells (26) . In another study, we observed that macrophage deficiency in expression of angiogenic factors was associated with angiogenic defects in sirtuin 1 knockout mice (40) . In the current study, our data suggest that the macrophages may be an important source of Hgf in the adipose tissue. This possibility remains to be verified by studying adipose tissue macrophages.
Our study suggests that NF-B p65 mediates the proinflammatory signal to inhibit Hgf expression in macrophages. The conclusion is supported by reduced HGF expression in macrophages in vitro, macrophages and fat tissues of aP2-p65 mice. Consistently, inactivation of NF-B dramatically enhanced Hgf mRNA in p65 null MEFs. The data consistently suggest that inflammation inhibits Hgf expression through NF-B. The conclusion is different from that of two other studies in which TNF-␣ induced Hgf expression in mesenchymal stem cells (42, 43) , in which the NF-B activity was not tested in vivo.
We tested the anti-inflammatory activities of HGF in this study and failed to observe the activity in our models (data not shown). HGF was reported to inhibit the inflammatory response in hepatitis, acute respiratory distress syndrome, and acute renal failure in vivo (25) . NF-B activity was suppressed by HGF in vitro through blocking nuclear translocation of p65 in some studies (23, 24) . However, the activity was not observed in this study, since HGF was not able to block NF-Bmediated cytokine expression or luciferase reporter activity. We suggest that HGF may inhibit inflammation by stimulating angiogenesis in vivo, which attenuates the hypoxia response. This possibility remains to be tested in vivo.
Our results suggest that NF-B inhibits Hgf expression by targeting PPAR␥. To explore the mechanism of Hgf regulation, we examined the Hgf promoter activity using a luciferase reporter. There is no NF-B binding site in the promoter DNA according to sequence analysis in this study. There is a PPAR␥-responsive element that was induced by overexpression of PPAR␥ in cotransfection, which supports the activity of a PPAR␥ ligand in the regulation of Hgf (18) . The PPAR␥ activity was inhibited by NF-B through recruitment of corepressor HDAC3, which is a component of PPAR␥ corepressor (7, 42) .
Our data suggest that Hgf expression is induced by hypoxia. Several groups including ours have demonstrated that hypoxia exists in adipose tissue of obese mice (10, 15, 28, 31) . The hypoxia concept provides a common mechanism for the adipose response in obesity, such as chronic inflammation, macrophage infiltration, adiponectin reduction, and adipocyte death in obesity (10, 15, 28, 38, 45) . However, it is unclear if the hypoxia regulates Hgf expression in adipose tissue. In the current study, Hgf mRNA was induced by hypoxia in vitro and in vivo, suggesting a role of HIF-1 in the induction of HGF. This conclusion is consistent with the observation in pancreatic tumor cells (21) .
This study reveals difference of inflammation and hypoxia in the regulation of angiogenesis in adipose tissue. Inflammation and hypoxia both enhance angiogenesis, but their activities are different. The difference was demonstrated in the regulation of the angiogenic factor HGF. Inflammation inhibits Hgf expression but promotes Vegf expression through NF-B (13). Hypoxia induces expression of both Hgf and Vegf through HIF-1. In obese conditions, Hgf elevation in adipose tissue is likely a result of integration of multiple signals, including inflammation (NF-B), hypoxia (HIF-1), insulin (HIF-1) (13), and fatty acids (PPAR␥). We observed that Hgf expression was higher in DIO mice than ob/ob mice (3-vs. 2-fold in Fig. 1A ). The higher expression was associated with lower TNF-␣ expression in DIO mice (5-vs. 10-fold in Fig. 1A) . In another study, we reported that NF-B induced 11␤-hydroxysteroid dehydrogenase type 1 expression (22) . The reduction in Hgf and an increase in 11␤-HDS1 may contribute to suppression of angiogenic activity in adipose tissue under strong inflammation. Expression of Hgf and Vegf was compared side by side in adipocytes and macrophages in the current study. The two angiogenic factors exhibited distinct patterns in expression. Hgf mRNA is largely expressed in macrophages and nondifferentiated adipocytes. The expression was dramatically reduced in fat tissue by macrophage deletion or in adipocyte after differentiation. In contracts, Vegf mRNA is predominately expressed by mature adipocytes. The expression was elevated dramatically during adipocyte differentiation and was not decreased in adipose tissue after macrophage deletion. The data suggest that VEGF is mainly produced by adipocytes in the adipose tissue.
In summary, adipocytes express Hgf, but the expression is reduced by adipocyte differentiation. This pattern is opposite to that of Vegf whose expression is induced by adipocyte differentiation (13) . Peritoneal macrophage expresses a high level of Hgf. The expression was suppressed by inflammatory signal through activation of NF-B, which inhibits Hgf transcription by targeting PPAR␥. NF-B inhibits the PPAR␥ function through activation of HDAC3. Hgf expression in adipose tissue in obesity is likely a result of HIF-1 and PPAR␥ activation by hypoxia, fatty acids, and insulin. Adipose tissue macrophage may be a potential source of Hgf, and this possibility remains to be tested in the adipose tissue macrophages. In addition, the study provides a mechanism for the difference of inflammation and hypoxia in the regulation of angiogenesis.
